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Abstract
We study the possibility of measuring parity-violating pion-nucleon coupling h
(1)
piNN
from pi+-electroproton production in the threshold region. We calculate the electron-
helicity asymmetry in terms of h
(1)
piNN and the Z-boson exchange between the electron
and proton in leading-order heavy-baryon chiral perturbation theory. From the
result, we demonstrate that the coupling can be determined to an accuracy of ∼
2× 10−7 in an experiment with incident electron energy 250 MeV, luminosity 1038
sec−1 cm−2, and a running time of 107 sec.
Weak interaction effects in hadron structure and reactions are usually masked by much stronger
strong and electromagnetic interactions. Only under special circumstances can they be studied
through high-precision measurements of observables vanishing in the absence of weak processes. The
cross section asymmetry originating from a single longitudinal polarization is such an observable. At
low energy, parity-violating hadronic interactions can be systematically classified in the framework
of effective field theories [1–3]. In chiral power counting, the most important is the isovector
P-odd pion-nucleon coupling h
(1)
piNN which is responsible for the longest range part of the parity-
violating ∆I = 1 NN forces [1,4,5], the nucleon and nuclear anapole moments [6–11]. In quantum
chromodynamics (QCD), its value is believed to be dominated by the s-quark contribution generated
from the neutral current interaction [12]. Clearly, h
(1)
piNN is one of the most important observables
that characterize the size of the nonleptonic weak interactions in hadron systems.
In the last two decades, serious attempts have been made to pin down h
(1)
piNN , and as of to
date, considerable uncertainty remains. Reviews of the experimental and theoretical status at
the different stages of investigation can be found in [5,13,14]. In many-body systems, parity-
violating effects can be enhanced significantly by important many-body correlations and have been
detected experimentally. However, because of the underlying theoretical uncertainty, they cannot be
translated easily into the corresponding results for the fundamental parameters. A large discrepancy
exists on the extracted parity-violating coupling from the gamma asymmetry Aγ from the polarized
18F decay [15] and from the anapole moment measurement in 133Cs atom [16]. In few-body systems,
the theory is under better control; but the parity-violating effects are generally small. The existing
experimental results, and hence the extracted parameters, have very large error bars [17]. New
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high-precision experiments currently under way are expected to overcome the problem of accuracy.
These include −→n p→ dγ at LANSCE [18], −→γ d→ np at Jefferson Lab (JLab) [19] (however, see Ref.
[20] for a different opinion on the sensitivity of this channel to h
(1)
piNN ), and the rotation of polarized
neutrons in helium at NIST [17]. Parity-violating observables related to a single nucleon are free of
nucleon-nucleon interactions and thus have important advantages. In addition, heavy-baryon chiral
perturbation theory (HBχPT) provides a rigorous tool for making theoretical analyses. Recently,
Bedaque and Savage, and Chen, Cohen and Kao have studied parity-violating effects in Compton
scattering with a polarized target [21] or a polarized beam [22]. In Ref. [23], the present authors
have studied extraction of h
(1)
piNN in the pion photoproton production,
−→γ p → nπ+ at the threshold
region. While all these processes are easy to analyze theoretically, the experimental practicality
requires them to have a large unpolarized cross section and large parity-violating asymmetries. In
these regards, the pion production is more attractive.
Following our previous work mentioned above [23], we consider in this paper the measurement
of h
(1)
piNN from π
+ production in low-energy electron-proton scattering. Since the momenta involved
in the process are constrained to be much smaller than the nucleon mass, a leading-order (LO)
calculation in HBχPT is appropriate within 30% uncertainty [2,3]. Theoretical studies of the same
process have been carried out previously by Li, Henley and Hwang and by Hammer and Drechsel
by considering the predominant Z boson exchange effects in the context of meson exchange models
[24,25]. The goal of the present study is to use ep→ e′π+n to measure the leading hadronic parity-
violating coupling, and therefore we focus mainly on the threshold region where the effect of hpiNN
is important and where HBχPT applies.
The process that we are interested in is
~e(k) + p(Pi)→ e(k′) + π+(kpi) + n(Pf) , (1)
where kµ =
(
Ee, ~k
)
, P µi , k
µ′ =
(
E ′e,
~k′
)
, kµpi = (ωpi,
~kpi), and P
µ
f are the laboratory four-momenta of
the initial electron, proton, final electron, pion, and neutron, respectively. The interaction between
the electron and the hadrons is treated in the Bonn approximation, and the four-momentum of the
intermediate vector boson γ or Z is denoted as q = k− k′. To justify the use of chiral perturbation
theory, we require the four-momenta of the virtual vector boson and pion and three-momentum of
the nucleon be small as compared to the nucleon mass scale MN .
We first consider the unpolarized pion production cross section without weak interactions. In
Fig. 1, we have shown the complete leading-order (LO) (group (a)) and part of the next-to-leading
order (NLO) (group (b)) Feynman diagrams in HBχPT, where electron lines have been omitted,
the wavy lines represent the virtual photons, solid lines the nucleons, dashed lines the pions, and
the doule lines the ∆ resonances. The solid circles denote the NLO vertices. The differential cross
section after integrating over the final neutron momentum can be written as
dσ
dE ′dΩ′
=
2α2em
Q4
E ′MN
E
M δ
(
(Pi + q − kpi)2 −M2N
) d3~kpi
(2π)32ωpi
, (2)
where Q2 = −q2 and
M = ℓµν Wµν ,
Wµν = 〈p(Pi)|Jµ|n(Pf)π(kpi)〉 〈n(Pf)π(kpi)|Jν |p(Pi)〉 , (3)
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FIG. 1. Leading order (a) and next-to-leading order (b) Feynman diagrams for unpolarized pi+ elec-
troproduction from a proton. The electron lines have been omitted and the delta resonance is represented
by double lines. The solid circles denote the next-to-leading order vertices. The group (b) is incomplete
but sufficient for the purpose of this paper.
with Pf = Pi + q − kpi. The unpolarized lepton tensor is ℓµν = (1/2)Tr[6 kγµ 6 k′γν ] = 2(kµk′ν +
kνk′µ − gµνk′ · k). The hadron tensor W µν depends on the matrix elements of the electromagnetic
current between the hadron states. From the LO diagrams, we find
W µν =
g2A
2f 2pi

(2kpi − q)µ(2kpi − q)ν |~kpi − ~q|2
((kpi − q)2 −m2pi)2
+
~kpi · (~kpi − ~q)
ω((kpi − q)2 −m2pi)
[vµ(2kpi − q)ν + vν(2kpi − q)µ]
− 1
(kpi − q)2 −m2pi
[((2kpi − q)µvν + (2kpi − q)νvµ) v · (kpi − q)
−(2kpi − q)µ(kpi − q)ν − (2kpi − q)ν(kpi − q)µ]
1 + |~kpi|2
ω2
− 2ωpi
ω

 vµvν − gµν + 1
ω
(vµkνpi − vνkµpi)

 , (4)
where vµ = (1, 0, 0, 0) is the velocity of the nucleon at rest, gA = 1.257 is the neutron-decay constant,
and fpi = 93 MeV is the pion decay constant. As expectedW
µν is symmetric in µ and ν, and satisfies
the current conservation: W µνqµ = 0.
For the process to be useful in probing small parity-violating effects, the cross section must be
sizable enough to yield a large number of events (∼ 1014) in a realistic experiment. For an estimate,
it is sufficient to examine the LO theoretical prediction. In Fig. 2(a), we have shown the cross
section as a function of the scattered electron energy after all other variables are integrated. The
solid curve is the result with the incident electron energy Ee = 200 MeV, and the dashed one
with Ee = 250 MeV. In the former case, the scattered electron energy is peaked around 20 MeV,
and in the latter, it ranges from 20 to 80 MeV. In principle, the electrons from elastic scattering
off the protons have much higher energy. When taking into account quantum electrodynamics
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FIG. 2. Pion-production cross section as a function of the scattered electron energy (a) and polar angle
(b) at the incident electron energy Ee = 200 (solid line) and 250 MeV (dashed line), respectively.
bremsstrahlung, however, the elastic peak has a well-known tail which contaminates the electron
spectrum from pion production. In Fig. 2(b), we have shown the cross section as a function of the
scattered electron angle. As expected, the cross section is forward peaked due to the infrared factor
1/Q4 in Eq. (2). For both beam energies, most electrons are scattered into a polar angle less than
10◦.
Because of the large number of events needed in parity-violating experiments, coincidence de-
tection is not an option. For ep → e′π+n, the best possibility may be π+ semi-inclusive detection.
In Fig. 3(a), we have shown the integrated cross section as a function of the energy of the pion
yield. At Ee = 200 MeV, the pion energy is peaked around ωpi = 155 MeV, which translates to a
pion momentum ∼ 65 MeV, or β = v/c ∼ 0.45. Therefore, the pion decay length is about 3.5 m,
and most pions can be detected before their weak decays. At Ee = 250 MeV, the pion energy is
peaked around 170 MeV. In Fig. 3(b), we have shown the pion angular distribution in lab frame. At
backward angles, the production rate is about a factor of 3 smaller than that at the forward angles.
This reduction is mainly due to the Lorentz boost. According to the figure, the semi-inclusive pion
production cross section is about 100nb at a forward steradian and at Ee = 250 MeV. To produce
107 events per second needed in a useful and practical experiment, the luminosity must be at least
1038 sec−1· cm−2. Although the lower limit is not difficult to achieve, a high-statistics measurement
may require much higher luminosity, making the experiment challenging.
Given the sizable rate for π+ production in e-p scattering, we now analyze the parity-violating
effects. According to the standard electroweak theory, parity violation in ~ep → e′π+n comes from
two distinct sources. First, the non-leptonic weak interactions generate parity violation hadronic
vertices. At low energy, these vertices can be classified systematically in terms of chiral power
counting [1]. To O(p0) (ignore the weak coupling in power counting), it has one term,
LPV = −ih(1)piNNπ+p†n+ h.c. + · · · , (5)
where the ellipses denote terms with more pion fields and derivatives, and the phase convention is
taken from Refs. [10,11]. The complete leading (group (a)) and part of the next-to-leading (group
(b)) order Feynman diagrams involving h
(1)
piNN are shown in Fig. 4. The contribution involving
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FIG. 3. Pion-production cross section as a function of the outgoing pion energy (a) and polar angle (b)
at the incident electron energy Ee = 200 (solid line) and 250 MeV (dashed line), respectively.
the intermediate delta resonance comes in at higher orders. The second source of parity-violation
is the semi-leptonic process of Z-boson exchange between the scattering electron and the nucleon
system. The relevant Feynman diagrams are shown in group (c) of Fig. 4. Since sin2 θW ∼ 1/4, we
approximate the Z-electron coupling as pure axial, and the Z-quark coupling pure vector.
The leading hadronic parity-violating contribution comes from the interference of the LO parity-
conserving and LO parity-violating amplitudes; the result depends on the nucleon polarization. For
polarized electron scattering on unpolarized proton, the lepton tensor is lµν = 2iǫ
µναβkαk
′
β for
helicity + electron; the leading P-odd contribution comes from the interference between the LO
(NLO) parity-conserving and NLO (LO) parity-violating amplitudes. Although the NLO diagrams
in Figs. 1(b) and 4(b) are incomplete, they are sufficient for calculating this P-odd contribution.
The resulting hadron tensor W µν is
W µν = − igAh
(1)
piNN√
2fpiMNω
{
ǫµναβqαvβ
(
µp − ω
ωpi
µn
)
+
[
ǫµναβqαvβ
(
2m2pi − q · kpi
(kpi − q)2 −m2pi
+
ωpi
ω
)
+ǫµναβkpiαqβ
(
2ωpi − ω
(kpi − q)2 −m2pi
+
1
ω
)]
×
[
−(µp − ω
ωpi
µn) +
2gpiN∆G1
9gA
(
ω
ω −∆ +
ω
ωpi +∆
)]}
, (6)
which is conserved and antisymmetric in µ and ν. Parameter ∆ is the mass difference between
the nucleon and delta resonance, and is treated as small as compared to MN . µp,n is the magnetic
moment of the proton and neutron in units of the nuclear magnetons, respectively. G1 = 3.85 and
gpiN∆ = 1.05 are the γ-N -∆ and the π-N -∆ coupling constants [26].
As mentioned above, the semi-leptonic parity-violating contribution comes from the Z-exchange
between the scattering electron and the nucleon system. Taking into account only the axial coupling
from the electron, the parity-violating S-matrix element is
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FIG. 4. Feynman diagrams contributing to the parity-violating amplitudes at LO and NLO in
−→e p→ e′pi+n.
〈e′π+n|S|ep〉 = −i(2π)4δ4(k + Pi − k′ − kpi − Pf )GF√
2
e¯(k′)γµγ5e(k)〈π+n|JZµ |p〉 , (7)
where JZµ is the vector part of the quark neutral current: u¯γµu(1/2− 4/3 sin2 θW ) + d¯γµd(−1/2 +
2/3 sin2 θW ) + .... The LO matrix element 〈π+n|JZµ |p〉 in HBχPT can be calculated from Feynman
diagrams shown in Fig. 4(c). After approximating ω = ωpi, the resulting parity-violating cross
section is directly proportional to the LO spin-independent cross section,
dσPV from Z = −2
√
2(1− 2 sin2 θW )GFQ
2
4παem
dσPC at LO . (8)
One can calculate the Z-exchange more accurately by including the electron vector-current contri-
bution and going to NLO in HBχPT. For our purpose, however, the above accuracy is sufficient.
In Fig. 5(a), we have shown the electron-helicity asymmetry (defined as the difference between
the positive and negative helicity cross sections normalized to the sum) as a function of the polar
angle of the pion in the laboratory frame. For Ee = 200 MeV, the asymmetry from Z-exchange
(dashed line) is on the order of −2.5 × 10−7 with small angular dependence. Assuming the “best
guess” for h
(1)
piNN = 5 × 10−7 [4], the hadronic parity-violating contribution cancels this almost
entirely, as shown by the solid curve. The cancelation shows that, at this low energy, the two
contributions have the same order of magnitude. As a result, the total parity-violating asymmetry
is difficult to measure. When the scattering electron energy is increased to 250 MeV, the asymmetry
from Z-exchange is increased by approximately a factor of 2 because of the larger Q2, whereas the
contribution from h
(1)
piNN changes little, as shown in Fig. 5(b). The combined asymmetry is now
negative, and has a sizable magnitude around −2× 10−7.
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FIG. 5. The electron helicity asymmetry Ae as a function of outgoing-pion polar angle at Ee = 200
(a) and 250 MeV (b). The dashed lines include the Z contributions only, whereas the solid lines include
the contribution from h
(1)
piNN (taken to be 5× 10−7) as well.
We have also shown the asymmetry as a function of the pion energy in Fig. 6. When the
incident electron energy is 200 MeV, the total asymmetry is again small. This is particularly true
for most of the pions that are produced with 160 MeV energy. When the electron energy is 250
MeV, the cancelation between the Z-exchange and hadronic parity-violation is not complete. For a
large fraction of pions which are produced with energy between 160 and 180 MeV, the asymmetry is
significant. Therefore, the best way to extract h
(1)
piNN from ep→ eπ+n is to measure pion production
asymmetry in the forward direction with a polarized electron beam of 250 MeV.
For the incident electron energy of 250 MeV, the virtual photon energy is around 200 MeV (see
fig. 2(a)). According to our previous study [23], the unpolarized cross section at this energy can be
described well by the LO HBχPT calculation. Therefore, the applicability of chiral perturbation
theory in studying the parity violating effects in the electroproduction is qualitatively similar to
that in photoproduction. In particular, we believe that the higher-order corrections are O(ǫ/mN ),
where ǫ stands for mpi, ω, ωpi, and ∆.
To summarize, we have studied the possibility of measuring the parity-violating coupling h
(1)
piNN
from semi-inclusive π+ electroproduction on the proton target in the threshold region. For the
incident energy of 250 MeV, the electron single-spin asymmetry is estimated around −2 × 10−7 in
the forward direction. This asymmetry can be measured to an accuracy of 50% (this implies an
accuracy of 2× 10−7 in h(1)piNN) with a luminosity of 1038 sec−1· cm−2 and a running time of 107 sec.
A more careful study of the higher-order effects will be published later [27].
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FIG. 6. The electron-helicity asymmetry Ae as a function of the pion energy at (a) Ee = 200 and (b)
250 MeV. The curves have the same significance as in Fig. 5.
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